Adonis amurensis, a very promising natural source and the only land plant to produce astaxanthin 28 , is attracting researchers attentions. On the one hand, the obtained natural astaxanthin from Adonis amurensis with 3S, 3'S form has higher bioavailability. On the other hand, it is easy to implement large-scale cultivation and extraction of astaxanthin on commercial scale because of simple cultivation condition for Adonis amurensis. In contrasted to many reports that mainly focus on quality improvement 22 24, 29 31 , there has few research on astaxanthin extracted from Adonis amurensis. To the best of our knowledge, no report on free form of astaxanthin crystals extracted from Adonis amurensis and characterization of its related substances is found in the literature. In this study, astaxanthin crystal was extracted and purified from Adonis amurensis, then were analyzed by UV-visible absorption spectra, TLC, HPLC and MS methods. The other related carotenoids substances in natural astaxanthin crystals extracted from Adonis amurensis were analyzed and identified by HPLC/ ESI/MS with the positive ion mode, and the stress tests were designed and performed to further confirm the major components.
Materials and methods

Chemicals and reagents
Standard astaxanthin was purchased from Sigma Chemical Co., HPLC-grade methanol was obtained from AdmasBeta Co. Ltd., all other reagents were of analytical grade and used without further purification. Ultrapure water was used throughout the experiment.
Preparation of astaxanthin crystals from
Adonis amurensis Preparation included harvesting flowers, fermentation, granulation, hexane extraction, saponification, purification and drying steps. Adonis amurensis oleoresin was obtained after hexane extraction, in which astaxanthin exists in the form of esters. After saponifying esterified astaxanthin, free astaxanthin could be obtained as described by Yuan J. P. et al. 32, 33 . Because of the unstable characteristic, in the preparation process, astaxanthin oleoresin should be saponified in darkness, under nitrogen and mildly conditions for complete hydrolysis of esters and as far as possible to avoid the degradation.
TLC method
Astaxanthin was analyzed as described by Shokufeh Golkhoo et al. 34 .
UV-visible absorption spectra assay
Approximately 20 mg of astaxanthin was dissolved in a 100 mL volumetric flash with 10 mL chloroform. Sonicate in a water bath to aid solubility. The solution was then made up to the 100 mL volume with hexane. 1 mL of above solution was transferred to 100 mL volumetric flash containing 4 mL chloroform and made up to the 100 mL volume with hexane. The absorbance of the sample solution against that of hexane as a blank by a UV-2450 ultraviolet spectrophotometer at wavelength of maximum absorbance at about 472 nm was determined to estimate the content of total carotenoids. The percentage of total carotenoids in astaxanthin sample was calculated using an extinction coefficient E c 1 m 2100 24, 35, 36 by the following formula:
Total carotenoid Absorbance 10000 2100 W sample weight, g 2.5 HPLC/MS analysis 2.5.1 HPLC condition HPLC was conducted on an Agilent liquid chromatograph equipped with a quatpump and a VWD. An Agilent Eclipse XDB-C18 column 150 mm 4.6 mm, 5 μm was used for the separation, the column temperature was maintained at 25 , the mobile phase was methanol: water 95:5, V:V at a flow rate of 1.0 mL/min, detector was at a wavelength of 478 nm. Chromatographic peak was identified by comparing retention time against standard astaxanthin. 2.5.2 LC/ESI/MS parameters LC/ESI/MS was carried out using nitrogen to assist nebulization, an Agilent Accurate-Mass Q-TOF LC-MS equipped with an ESI source was operated with a drying gas N 2 flow rate of 8.0 L/min, a nebulizer pressure of 35.0 psi, a drying gas temperature of 250 , a capillary voltage of 4.0 kV, scanning range of 100-1300 m/z and in positive ion mode. The fragmentor voltage was 135 V.
Preparation of sample solution
Astaxanthin about 10 mg was accurately weighted, transferred to a 100 mL volumetric flash, dissolved in 5 mL chloroform and diluted with methanol to volume. Then 5 mL of above solution was transferred to a 25 mL volumetric flask and diluted with methanol to volume to obtain the sample solution.
Stress test
In order to further confirm the other related carotenoids substances in astaxanthin crystals extracted from Adonis amurensis, the stress test was designed and performed basing on the preparation method. Influence factors, including alkali concentration, temperature, light and inert protection, were investigated.
Results and discussion
TLC analysis
Astaxanthin crystals extracted from Adonis amurensis and astaxanthin oleoresin were compared with standard astaxanthin by TLC Fig. 2 . Results of TLC indicated that astaxanthin ester in the oleoresin was completely hydrolyzed into free astaxanthin. The red-colored astaxanthin extracts from Adonis amurensis was similar to standard astaxanthin.
UV-visible absorption spectra
Results of spectrophotometric assay showed that astaxanthin from Adonis amurensis has visible absorption spectrum in n-hexane similar to that of standard astaxanthin, and its maximum absorption wavelength λ max was 472 nm Fig. 3 . Result of UV-visible absorption spectra analysis indicated that the content of astaxanthin as total carotenoids from Adonis amurensis was about 97 by weight, and the yield of astaxanthin extracted from Adonis amurensis was more than 75 .
HPLC/MS analysis
As shown in the HPLC chromatogram Fig. 4 , five peaks were detected, which retention times were 4.867, 5.740, 7.507, 7.983 and 8.570 min, respectively. The peak with the retention time of 4.867 min was identical to standard astaxanthin, which means it is astaxanthin. Furthermore, mass spectrometry Fig. 5 shown its protonated molecular ion M H was at m/z 597, which was also proved that the main peak is astaxanthin. In addition, the result of peak purity test indicated that main peak is single and containing no any other impurities. Other four chromatographic peaks were also detected by mass spectrometry Fig. 5 . Accordingly, the peak were defined as related substance I, II, III and IV, respectively. Their corresponding protonated molecular ions M H were detected at m/z 595, 595, 595 and 581, and molecular weight was 594, 594, 594 and 580. The peaks derived from specific adducts or multivalent ions of polymers were also observed at m/z 680-920. In term of the molecular weight, structure of the common carotenoids and related researches on astaxanthin s biosynthesis and oxidation 37, 38 , related substances I, II and III may be the three structural isomers of semi-astacene, IV may be adonirubin. In the HPLC analysis Fig. 4 , the relative compositions of three structural isomers of semi-astacene and adonirubin were estimated from the peak area detected at 478 nm. The content of total carotenoids and composition were shown in Table 1 . Table 2 , the stress tests were designed and performed to further confirm the other related carotenoids substances in astaxanthin crystals extracted from Adonis amurensis based on the preparation methods. HPLC and mass spectrometry results were listed in Fig. 6 and Table 3 , respectively.
Stress test Following test conditions
Under nitrogen protection and darkness conditions, when the temperature was raised from 40 to 80 and alkali concentration was increased from 0.6 mol/L to 2.0 mol/L, chromatographic peak height of astaxanthin was significantly lowered, chromatographic peak height of semi-astacene was significantly increased, and chromatographic peak of astacene and dehydro-adonirubin was detected. Meanwhile, chromatographic peak of astaxanthin was disappeared completely since it was oxidized into astacene completely when the alkali concentration increased to 5.0 mol/L as well as the reaction temperature to 80 without under nitrogen protection and darkness, and adonirubin molecular weight MW 580 was also occurred dehydrogenation reaction to transform into dehydro-adonirubin RT 9.3 min, MW 578 as shown in Fig. 6 and Table 3 .
The stress test indicated that astaxanthin was gradually transformed into semi-astacene which was further oxidized into astacene under the gradual deterioration of test conditions.
Discussion
Esterified, optically pure 3S, 3S -astaxanthin is the main form found in the flowers of Adonis amurensis 23, 30, 31 , which is same as found in Haematococcus pluvialis. But free astaxanthin is preferable to astaxanthin esters in terms of bioavailability 26 , so esterified astaxanthin was hydrolyzed to yield free astaxanthin to improve its bioavailability. However, there are some difficulties in getting free Table 1 .
astaxanthin with high purity from Adonis amurensis. First, its free form would combine with some fatty acid, such as palmitate, oleic acid and myristic acid, to form dior mono-esters, which make it is very difficult to obtain carotenoids crystal with high purity. Normally plant oleoresin extracted from Adonis amurensis contains about 10 astaxanthin 24 . Second, free astaxanthin crystals is very unstable, especially, easy to be oxidized to degradation when strong alkali was used to saponify astaxanthin esters 33 , which are generally formed degradation products reducing its quality. For quality assurance and control purposes, these related substances monitoring will be the great importance in the process of preparation. In order to identify possible impurities, astaxanthin crystal was first extracted from Adonis amurensis, then purified by saponification and separation. TLC analysis indicated that astaxanthin ester was completely hydrolyzed into free astaxanthin, and the concentration of total carotenoids in purified astaxanthin crystals was as high as 97 by weight when analyzed by UV-visible absorption spectra. After the purified astaxanthin crystals were analyzed using HPLC, besides free astaxanthin as main ingredient, there existed four other unknown related substances, which were further investigated by HPLC/ESI/MS with the positive ion mode combining with other auxiliary reference data, the four related substances were identified as three structural isomers of semi-astacene and adonirubin. Based on the preparation methods, the stress tests were designed and performed to further confirm the related substances in astaxanthin crystals extracted from Adonis amurensis. The results of stress tests indicated that astaxanthin was gradually transformed into semi-astacene which was further oxidized into astacene under the gradual deterioration of test conditions. Adonirubin is the precursor of astaxanthin during the biosynthetic pathway of ataxanthin in Adonis amurensis 38 , it has also occurred dehydrogenation reaction to transform into dehydro-adonirubin. The pathway could be disclosed in Fig. 7 . In addition, peaks at 11.8 min, 12.8 min and 15.5 min were appeared in stress tests Fig. 6 , their molecular weights were all less than 500 by MS analysis, so they did not belong to the carotenoids, and their contents were all trace. Therefore, we have no in-depth analysis.
Astaxanthin crystals extracted from Adonis amurensis was obtained from saponification of astaxanthin oleoresin, the compositions of the related substances were related to the production conditions. The related substances were detected in this paper associating with our production conditions and process. Furthermore, Astaxanthin extracted from Adonis amurensis is sensitive to temperature, light, oxygen and alkaline concentration, such factors should be controlled effectively in the commercial process of astax- anthin crystals from Adonis amurensis, and mild reaction conditions were taken to ensure the preparation of astaxanthin with well quality and high yield. Since only HPLC/ESI/MS method was used to identify the related substances, the obtained information was still less. The difference between three structural isomers of semi-astacene was not identified. In order to improve the quality of astaxanthin, ensure food security and reduce the occurrence of related substances, we should further optimize the production process and integrated use of separation and identification methods such as infrared spectroscopy, nuclear magnetic resonance NMR to further identify the unknown related substances.
Conclusion
Astaxanthin crystals extracted from Adonis amurensis and its related substances were investigated by TLC, UV-VIS, HPLC and MS. Free astaxanthin was found to be the major component and the four related carotenoids substances were characterized as three structural isomers of semi-astacene and adonirubin.
